The nanoindentations were applied to island-shaped regions with metal-induced Si crystallizations. The experimental stress-strain relationship is obtained from the load-depth profile in order to investigate the critical stresses arising at various phase transitions. The stress and strain values at various indentation depths are applied to determine the Gibbs free energy at various phases. The intersections of the Gibbs free energy lines are used to determine the possible paths of phase transitions arising at various indentation depths. All the critical contact stresses corresponding to the various phase transitions at four annealing temperatures were found to be consistent with the experimental results. undergoes a direct transition from diamond to a simple hexagonal structure. One such prediction was a kinetically hindered first order amorphous to amorphous phase transition in SiO 2 [21] . An experiment has recently confirmed such a first order amorphous to amorphous phase transition [22] . Such calculations require candidate structures which may be obtained from constant pressure simulations and sometimes experiments [23, 24] . In the present study, a theoretical model is developed
The depth-sensing indentation (nanoindentation) test is a powerful tool for determining the mechanical properties of bulk specimens [1] [2] [3] [4] [5] [6] and thin film/substrate systems [7] [8] [9] . Atomistic simulations of nanoindentation have been performed to investigate anisotropic effects in elastic and incipient plastic behavior under nanoindentation [10] [11] [12] . The determination of atomistic fracture modes under various loading conditions is essential to understanding nanomechanics. Pan et al. [13] reported first-principles calculations that show intriguing indenter-angle-sensitive fracture modes and stress responses at the incipient plasticity of strong covalent solids. A basic micromechanical model for the deformation of solids with only one tuning parameter has been introduced. The model can reproduce observed stress-strain curves, acoustic emissions and related power spectra, event statistics, and geometrical properties of slip, with a continuous phase transition from brittle to ductile behavior [14] [15] [16] . Nanometer scale indents have been written in a cross-linked polystyrene sample, and their relaxation has been studied at annealing temperatures well below the glass transition of the polymer [17] . The indentation stress-strain curve exhibits a series of yielding events, attributed to the nucleation and movement of dislocations [18] . In porous silicon [19] , a transition from the diamond phase to a high density amorphous (HDA) phase has been reported. Nanocrystalline silicon [20] undergoes a direct transition from diamond to a simple hexagonal structure. One such prediction was a kinetically hindered first order amorphous to amorphous phase transition in SiO 2 [21] . An experiment has recently confirmed such a first order amorphous to amorphous phase transition [22] . Such calculations require candidate structures which may be obtained from constant pressure simulations and sometimes experiments [23, 24] . In the present study, a theoretical model is developed 
The values of Fc and hc can be obtained from the load(P)-depth(h) analyses of the nanoindentation test [26, 27] .
The contact depth, hc, can be obtained using the method of Oliver and Pharr [2] . Recent experiments have revealed that the results of nanoindentation strongly depend on indenter geometry [28] [29] [30] . Here, we examine the atomistic response to nanoindentation by a sharp indenter with various centerlineto-face angles α. From the stress response at incipient plasticity developed by Pan et al. [13] , the contact stress  c and indentation strain  c in Fig Stress-induced phase transitions in microcrystalline silicon (μc-Si) have been extensively studied [19] [20] [21] [22] [23] [24] . In order to study the model of crystallization, the volume-dependent Gibbs free energy is evaluated. To calculate the static structural properties of the silicon phase, the total energy E tot can be obtained in a polynomial form, expressed as Murnaghan's equation of state [31] : 
Si)=-107.71 eV, E min (ph-Si)=-107.68 eV, and E min (HDA)= -107.53 eV, as obtained from the studies in [23, 24, 31] . In the present study, B 0 and B are the bulk modulus and the pressure derivative of the bulk modulus for silicon with V min, respectively.
This study calculates the indentation stress based on the thermodynamics theorem. When a transition occurs, the Gibbs free energy at zero temperature between the two phases is the same. The Gibbs free energy is written as:
The contact stresses corresponding to these phase transitions can be evaluated from Eq. 
Results and Discussions
The indentation tests were carried out on a Nano Indenter XP (MTS, USA) tester. All experiments were carried out using the Berkovich indenter, which was made of diamond (Young's modulus E = 1140 GPa, Poisson's ratio  = 0.07). In this study, were identified as the rhombohedra (r8) Si-XII phase and the body-center-cubic (bc8) Si-III phase, respectively [29, [32] [33] [34] [35] .
These two phases appeared in the unloading process of nanoindentation only. [36] . The peak at 476 cm -1 was identified as the amorphous and HDA phases [34] . This phase was created due to the stress-induced phase transition shown at one of the two predicted paths shown in Fig. 4(b) . 
Conclusion
The contact stress ( c ) and contact strain ( c ) models 
